Iron oxide nanostructures with significantly fewer droplets were successfully synthesized by pulsed laser deposition using a special target-substrate geometry, which is coined backward plume deposition. The morphology of deposited nanostructures for backward plume deposition is found to be strongly controlled by the ambient gas pressure and changes from a thin film to an assemble of nanoclusters to nanoclusters with loosely bound floccule-like network with the increase in ambient gas pressure. The post-annealing considerably changes the structural properties of deposited materials, which were determined to be magnetite FCC-Fe 3 O 4 . It also causes the relaxation of long range stress in the film and hence leads to an increase in the saturation magnetization. The coercivity is found to decrease upon annealing due to the growth of randomly oriented Fe 3 O 4 nanocrystallite as well as the relaxation of internal stress.
Introduction
Much of the interest in magnetic nanostructures stems from their potential use in the next generation of high-density storage media, magnetoelectronic devices and micromagnetic systems. Among these, magnetite FCC-Fe 3 O 4 (space group: F d-3m) has become the focus of renewed technological interest in magnetic and electronic applications, such as spintronic devices [1, 2] .
In the cubic lattice, the oxygen atoms occupy FCC lattice sites, while the iron atoms occupy interstices with octahedral and tetrahedral coordination, forming sublattices A B distinct with antiparallel magnetizations [3] . However, the interaction between the sublattices is dominant, yielding parallel alignment within each sublattice, but an antiparallel alignment between them. 3 Author to whom any correspondence should be addressed.
The result is a net ferromagnetic moment from the Fe 2+ ions [4] . Magnetite Fe 3 O 4 also presents unusual, halfmetallic electronic properties due to the competition between spins on the two Fe sublattices. It is known that magnetic properties strongly depend on the structural and morphological properties, such as grain size and crystallite orientations, and different applications require that the magnetic nanostructures have different properties. Hence, the synthesis of magnetic nanostructures in a controlled way is a real challenge for their practical use.
Pulsed laser deposition (PLD) has attracted considerable attention in the field of nanostructures fabrication [5] [6] [7] . Compared with other methods, such as chemical and physical vapour deposition [8, 9] , sol-gel [10] and plasma focus device [11] , one of the important advantages of PLD is its applicability to a wide range of materials. However, the presence of droplets and the low efficiency due to lower deposition rate limit PLD from emerging as an industrial technique [12] . Droplets on the deposited structures at present cannot be completely eliminated if only mechanistic optimization of deposition conditions is made, such as the use of high-density targets, various laser target scanning systems and special target-substrate geometry [13] . It was reported that laser-induced plume can be compressed and moved back due to lateral plume expansion and backscattering in relative high pressure gas [14] or the Knudsen layer in low pressure gas and vacuum [15] . The effects of backward laser-induced plume during ablation were examined by Kelly and Miotello in the early 1990s [16] , and a refined thermal model incorporating the contribution of back flux to the ablation yield was developed by Morozov recently [17] . Kennedy proposed in 1992 that a backward moving plume can be used to deposit thin film to reduce droplets [18] . The backward moving plume has been successfully used for the synthesis of carbon thin film [19] and silicon nanoclusters [20] .
In this paper, backward plume deposition was employed to synthesize iron oxide nanostructures, which can vary among thin film, nanoclusters and nanoclusters background with fractal-like nanoparticle networks by adjusting the ambient gas pressure. Plume propagation in ambient gas was investigated by time-resolved plume images at different pressures using a gated ICCD camera. The samples deposited at 5 mbar were selected and annealed to characterize the structural and magnetic properties of the deposited materials.
Experiment
The experimental setup is shown in figure 1 , where an Nd : YAG laser (10 ns, 532 nm) operating at 10 Hz was focused onto a high-purity Fe target (Amstrong Science) with high energy density which was estimated to be around 955 J cm −2 . The pulse energy was about 75 mJ and the laser focal spot size was adjusted to about 100 µm. As shown in the inset of figure 1, the silicon substrate was mounted on the centre of the Fe target disc for backward plume deposition, and the distance between the laser irradiation area and the substrate centre was about 6 mm. The laser beam irradiated the target around this substrate along a circular strip by rotating the target holder, which also helps to obtain homogeneous material ablation and uniform deposition across the entire substrate. Silicon substrates were simultaneously mounted on the rotating substrate holder in front of the target disc to investigate the effect of this special substrate-target geometry. The separation between the target and the substrate at the front position was 30 mm. The energy density of the laser beam was kept the same during the experiment to investigate the influence of the ambient gas pressure. Silicon substrates were cleaned sequentially in acetone, alcohol and distilled water for 10 min each using Kerry Ultrasonic Bath. The PLD chamber was evacuated to the base pressure of better than 5 × 10 −5 mbar using a system of rotary and turbo-molecular pump and then filled by argon-oxygen mixture to adjust the ambient gas pressure. The backward plume deposition and conventional PLD were then performed using 12 000 laser shots at different ambient gas pressures.
The propagation of laser-induced plume in ambient gas of different pressures was investigated by time-resolved plume images using a gated intensified CCD camera. Samples were annealed at the temperature of 450
• C for different times with flowing N 2 gas by a Carbolite MTF 12/38/400 furnace. The as-deposited and annealed samples were then characterized by various techniques. The morphology of the deposited samples was investigated by a JEOL JSM-6700F field emission scanning electron microscope (FESEM). The elemental and compositional analyses of the deposited materials were done using an Oxford electron energy dispersive x-ray (EDX) spectrometer attached to the FESEM. A JEOL 2010 transmission electron microscope (TEM) was employed to characterize the structural properties. The magnetic properties were characterized by a Lakeshore 7400 vibrating sample magnetometer (VSM). X-ray diffraction with Cu Kα of 1.5406 Å and 2θ from 20
• to 80
• was done by SIEMENS D5000 to determine the structural properties of the deposited material. generator to capture these time-resolved images. It is observed that the laser-induced plasma plume not only propagates along the direction which is perpendicular to the target surface but also contains a lateral expansion part. At 0.1 mbar argon ambient gas pressure, plasma plume propagates very fast and almost disappears after 6400 ns. As the argon ambient gas pressure is increased to 10 mbar, the plume propagation is slowed down due to the compression by the ambient gas and therefore it stays in front of the target surface for a much longer duration, which is still observable at gate delays of 102 400 ns. The compression by ambient gas also strengthens the lateral expansion of the ablated plume. The time-resolved imaging thus confirms that the confinement of the ablated plume increases with the increase in the ambient gas pressure. Therefore, the density of the plasma/species will increase due to the decrease in plume expansion volume with increased ambient gas pressure, indicating that the collisions among ablated species will increase with enhanced ambient gas pressure. Figure 3 shows the effect of ambient gas pressure on the morphology of deposited nanostructures by backward plume deposition. It may be noted from the figure that there are three key morphological features of the samples deposited at different ambient gas pressures: (i) at 0.1 mbar, the deposition is essentially in a smooth thin film form as seen in figure 3(a) , (ii) at 1 mbar, refer to figure 3(b), the deposited sample appears to have an assemble of nanoclusters and (iii) with the further increase in pressure to 5 mbar and then to 10 mbar we observed loosely bound floccule-like fractal networks dispersed in the background formed by the assemble of nanoclusters. The observation of variation in morphological features at different ambient pressures can be understood through the following discussion.
At vacuum or low pressure ambient gas, most of the ablated material in the plume moves forward, and a small part of it moves backwards due to the Knudsen layer [21] , as well as the slight lateral expansion and backscattering in the low pressure ambient gas. Hence, most of the ablated species reaching the back position substrate surface in vacuum or low pressure ambient gas are in the form of energetic atoms and ions since the collisions among themselves may be not enough for them to bond together to form clusters. This is evident from the fast expansion of the ablated plasma plume, for 0.1 mbar deposition (refer to figure 2(a)), which results in smaller confinement time and hence fewer collisions among the ablated species. In this case, the growth of deposited structure is dominated by atomic surface diffusion [22] . Zhang and Lagally [23] reported that smooth and uniform films will be formed only if the adatoms impinge the substrate surface with sufficient surface mobility. In vacuum or low pressure ambient gas, the kinetic energy of ablated species remains high due to fewer collisions among ablated species as well as with ambient gas, hence, provide enough surface mobility to form a thin film on the deposited sample. When the gas pressure increases, the deposited nanostructures are nanoclusters rather than thin films, which seem to be formed by the agglomeration of small clusters. Different from the deposition process in vacuum or low pressure ambient gas, clusters can be formed by collisions of energetic atoms and ions during the gas phase expansion when target materials are ablated into high pressure ambient gas, which depends on the bonding of energetic atoms and ions and typically consist of 10-2000 atoms [22] . Hence, the morphological features of the nanostructures deposited at higher pressure are controlled by the formation, growth, deposition, diffusion and interaction of clusters that are initially formed in the gas phase expansion. The kinetic energy of ablated species is reduced by being transferred to thermal energy through collision among ablated species as well as with ambient gas and hence reduces the surface mobility of ablated species upon the substrate surface. According to the molecular simulation developed by Wei et al [24] for the deposition of energetic C 2 clusters by PLD, clusters with higher incident energy have enough lateral kinetic energy to overcome the potential barrier and migrate a large distance and hence lead to denser and smoother films, whereas clusters with lower incident energy do not have enough energy to cross the potential barrier and lead to low density and porous films or even the nanoclusters. Therefore, the morphology of deposited nanostructures changes to nanoclusters at high pressure ambient gas.
The nanoclusters deposited at 5 mbar are measured by the SMileView@2000JEOL to have the average size of 300 ± 52 nm, refer to figure 3(c). It is interesting to note, from figures 3(c) and (d), that with the further increase in ambient gas pressure one can observe the emergence of loosely bound floccule-like nanoparticle networks dispersed over the background carpet of nanoclusters. They appear to be in patches at different places on the sample surface and the number of patches and the patch size increases with the increase in ambient gas pressure. Further increase in ambient gas pressure increases the collision frequency among ablated species, since the density of plasma/particles inside the plume increases further due to decreased plasma expansion volume caused by the compression by higher pressure ambient gas. Hence, some clusters can grow to bigger sized ones with further reduced kinetic energy due to more collisions and longer stay in the confinement region and hence form fractal-like nanoparticle networks on the sample surface, whose process can be characterized by diffusion limited aggregation [25] . However, compared with conventional PLD, the high deposition rate achieved by backward plume deposition at high pressure [26] indicates a faster backscattering, which may in turn result in nonuniform cluster growth.
The increase in ambient gas pressure also leads to the increase in the average size of the background nanoclusters, which may be attributed to the increase in the amount of backward moving ablated species.
The increase in background nanocluster size with increasing ambient gas pressure corresponds to greater surface roughness which adds to the lower surface mobility of the incoming ablated species and hence results in the formation of a loosely bound network of nanoparticles on the sample surface rather than the more closely packed nanoclusters.
A droplet is a large particulate ejected from the metallic target by mechanical forces due to the intimate contact with the nascent plasma, which is the greatest obstacle to the use of PLD in commercial applications. The occurrence of droplets normally results from three phenomena, namely, substrate boiling, recoil ejection and exfoliation. It is observed, refer to figure 4, that there are fewer droplets (which are indicated by black circles) on the thin films synthesized by backward plume deposition, compared with those deposited at conventional front positions. Droplets can be differentiated from nanoclusters as they are big particulates with a regular round shape rather than the agglomeration of small nanoparticles, whose size ranges from 50 to 500 nm. The reduction is because the drift direction of droplets remains forward due to their heavier mass compared with ambient gas molecules after they break out of the target under thermal stress, and hence more droplets are found on the substrates which were placed at the front position. Therefore, as a special target-substrate geometry, backward plume deposition can greatly reduce the number of droplets and hence make PLD more feasible for commercial applications. Figure 5 shows a typical EDX spectrum of deposited material at 5 mbar. The presence of a high oxygen peak indicates the oxidation of deposited nanoclusters. This oxidation most likely happens during the deposition process due to the interactions between energetic and unstable ablated species with residual oxygen inside the chamber in the gas phase expansion. It may also happen when these samples are exposed to atmosphere and are oxidized due to nanoparticles' high surface energy. Therefore, the deposited materials are converted from iron of target material to iron oxide. The atomic percentage of iron is measured to be 11.97% and that of oxygen is 52.16%. The relative atomic percentage of iron and oxygen remains almost the same even after annealing. The ratio of atomic percentage of oxygen to iron is estimated to be about 4.36, which is much higher than 1.33 of Fe 3 O 4 and 1.5 of Fe 2 O 3 . Thus, the presence of high oxygen content in EDX may also come from the Si substrates which might have oxidized even before deposition and formed a layer of SiO 2 .
XRD patterns of the deposited materials fabricated at 5 mbar and annealed for different times are shown in figure 6 . The nanostructures deposited by backward plume have amorphous structure in nature since there was a peak only from Si substrates at 56.16
• and no diffraction peaks of iron or its oxides were observed. The amorphous nature of the deposited thin film was related to the high quenching rate of the vapour in the order of 10 6 K s −1 , which is typical for the deposition of metallic materials using pulsed laser ablation [27] . After annealing these samples at 450
• C for different times, the deposited nanostructures started to crystallize and the diffraction peaks for magnetite FCC-Fe 3 O 4 (3 1 1) at 35.73
• and (4 4 0) at 62.95
• were observed. The mean crystallite size can be determined using the Scherrer formula: t = 0.9λ/(B cos θ B ), wherein t is the crystallite size, λ is the radiation wavelength, θ B is the Bragg angle and B is the width of the corresponding peak at half maximum [28] . As figure 6 shows, the 2θ angle for the Fe 3 O 4 (3 1 1) peak of the sample annealed at 450
• C for 150 min is about 35.73
• with FWHM of 0.94
• . Thus, the crystallite size of magnetite Fe 3 O 4 was estimated to be about 10.3 nm. Figure 7 presents the TEM images of the iron oxide nanoclusters deposited at 5 mbar and annealed at 450
• C for 150 min. Iron oxide nanoclusters are formed by the agglomeration of small nanoparticles, which are shown in figure 7(a) and have reasonable size uniformity. Lattice fringes as well as moiré fringes can be observed for iron oxide nanoparticles in a high resolution TEM image shown in figure 7(b) , indicating that the deposited nanostructures are polycrystalline. The deposited nanoparticles are observed to be oriented randomly, since the directions of the lattice fringes are different from each other. The selected area diffraction (SAD) pattern is shown in figure 7(a) (inset) . The diffraction rings corresponding to 2 2 0 and 3 1 1 of the magnetite FCC-Fe 3 O 4 are identified by JEMS@JEOL on the SAD pattern, indicating that deposited nanoparticles are polycrystalline as well. The average size and size distribution of the nanoparticles at different argon gas pressures were determined using TEM images. A typical size distribution of the deposited nanoparticles at 5 mbar is shown in figure 8 . The sampling range for each data point is 1 nm and the FWHM is 2.8 nm, which indicate that the nanoparticles deposited by this method have a narrow size distribution. The average size of iron oxide nanoparticles was about 9.6 ± 1.1 nm, which is similar to the crystallite size of 10.3 nm determined from the XRD pattern. As the ambient gas pressure decreases from 5 mbar to 0.1 mbar, the average nanoparticle size remains almost same, which varies from 9.6 ± 2.1 nm to 10.3 ± 1.4 nm. Figure 9 shows the representative hysteresis loops for iron oxide nanostructures synthesized at 5 mbar before and after annealing at 450
• C for 150 min. The hysteresis loops were obtained at room temperature with a maximum applied field of 10 000 Oe in the plane of the film. It can be observed that the saturation magnetization increases from 2.4 × 10 −3 to 3.8 × 10 −3 emu after annealing at 450
• C for 150 min. The amount of saturation magnetization is related to magnetic anisotropy which can be either magneto-crystalline anisotropy related to the crystal symmetry or magnetostrictive anisotropy related to the mechanical stress in the system. In our case, the TEM image of the annealed sample, refer to figure 7(b), shows that the nanoparticles have random plane orientation. It indicates that the major origin of anisotropy of deposited nanostructures should not be magneto-crystalline anisotropy. Thus, the long range stress developed in the thin film during deposition was used to explain magnetic anisotropy in crystalline [29] as well as amorphous [30] phases, which gives rise to the uniaxial anisotropy. With thermal annealing, long range movement of atoms takes place for deposited nanostructures to crystallize, which also leads to the relaxation of the long range stress and, hence, reduces their uniaxial anisotropy. Therefore, the magnetic field needed to saturate the magnetization increases. It was also observed that the coercivity H c of deposited nanostructures decreases after annealing. The decrease in coercivity may be related to the grain size and shape of deposited nanostructures, as it is governed by how readily domain walls can move in the presence of an applied magnetic field. Small crystallites are typical comprising a single magnetic domain, showing large coercivity. As the crystallite size increases upon thermal annealing, crystallites tend to accommodate multiple domains, yielding smaller coercivity. The observed behaviour may be also attributed to the decrease in internal stress indicated by the decrease in magnetic anisotropy and increase in saturation magnetization.
Conclusion
To conclude, iron oxide nanostructures were successfully synthesized on silicon substrates by backward plume deposition.
Time-resolved plume images show that the confinement of the ablated plume will be enhanced with the increase in ambient gas pressure, leading to higher collision frequency among ablated species. FESEM results showed the significant influence of the ambient gas pressure on the morphology of the deposited nanostructures. This effect can be attributed to the changes in the surface mobility of ablated species on the substrate surface, which relates to the probability of collisions between the ambient gas and ablated species as well as the collisions among ablated species. Compared with those substrates which were placed in the front position, as a special target-substrate geometry, backward plume deposition can greatly reduce the number of droplets. EDX spectra show that the deposited materials were oxidized. After annealing, the deposited nanostructures start to crystallize and the peaks for magnetite FCC-Fe 3 O 4 (3 1 1) and (4 4 0) are observed. The TEM images show that nanoclusters seem to be formed by an agglomeration of small primary nanoparticles, which have reasonable size uniformity and random orientation. The lattice fringes and moiré fringes on high resolution TEM image as well as the SAD pattern indicate the deposited nanostructures are polycrystalline. The saturation magnetization of deposited nanostructures slightly increases after annealing due to the decrease in uniaxial anisotropy by relaxation of long range stress, which developed in the films during the deposition. The coercivity was observed to decrease by annealing, which may relate to the growth of nanocrystallites and the relaxation of stress. and SM would like to thank NIE/NTU for providing the research scholarships.
